1. Introduction {#sec1}
===============

Biopharmaceutical proteins have been widely developed for the last decade \[[@r1]\]. Recent advances in the protein drugs have resulted in a new type of problems related to the difficulty in handling the protein solutions, typically aggregation \[[@r2]\] and viscosity \[[@r3]\]. To deliver a therapeutic protein, a highly concentrated protein solution is needed for intramuscular and subcutaneous injections. With increasing concentration of the protein, the viscosity of the protein solution also increases.

The viscosity of protein solutions results from several types of interactions between protein molecules \[[@r4], [@r5]\], as listed in Table **[1](#T1){ref-type="table"}** \[[@r6]\]. The electrostatic repulsion governed by Coulomb's law is a major cause that determines the overall solution property because of the long-range interaction. The other repulsive potential is the exclusion volume effect by steric repulsion, which is a very short interaction with a contact distance between atoms. By contrast, attractive interactions are varied, though charge--dipole and charge-induced dipole are major causes due to the electrostatic interactions that affect the protein solution viscosity in a low ionic strength solution. Van der Waal interaction is classified into a short-range interaction that is proportional to the inverse of the sixth power of distances between regions. The other types of attractive interactions, hydrogen bond and hydrophobic contact, are another face of van der Waals interaction. The interactions between proteins are simply explained by the fact that the long-range repulsive electrostatic interaction plays a dominant role in solutions and that several types of short-range attractions characterize the individual solution property \[[@r3], [@r7]\]. The aggregation also alters the solution property \[[@r8]\]. Taken together, the cause of protein solution viscosity is too complex to reconstruct from individual interaction types among thousands of atoms constructed in protein molecules.

This review article is intended to focus on the control of solution viscosity using small molecular additives. The control of solution viscosity is quite easier than understanding the cause from the physical forces. [Fig. (**[1](#F1){ref-type="fig"}**)](#F1){ref-type="fig"} summarizes the overview of the approach that controls the protein solution viscosity, which can be classified into four types of factors.

Briefly, the reduced concentration of protein and solute can decrease the solution viscosity by lowering the probability of the steric repulsion between solutes (Fig. **[1A](#F1){ref-type="fig"}**). The addition of small amount of salts, typically 50 mM NaCl, creates an electrostatic shield between protein molecules, leading to a decrease in the electrostatic repulsion (Fig. **[1B](#F1){ref-type="fig"}**) or attraction (Fig. **[1C](#F1){ref-type="fig"}**). On the other hand, the addition of chaotrope and Arginine hydrochloride (Arg) weakens the hydrophobic and aromatic interactions between protein molecules (Fig. **[1D](#F1){ref-type="fig"}**), which also decreases the solution viscosity.

2. Case A: Exclusion volume effect {#sec2}
==================================

First, we consider the condition that contains only protein molecules in aqueous solution. Let the protein molecules be a hard sphere without any specific interaction. Even under the simple condition, the solution viscosity increases depending on the volume fraction \[[@r9]\]. The relationship between the solution viscosity and the volume fraction is described by the following Einstein's equation (2):

$$\eta = \eta_{0}\left( {1 + 2.5\varphi} \right)$$

where *η*, *η*~0~, and *φ* represent the solution viscosity, the water viscosity, and the volume fraction of the solute, respectively \[[@r10]\]. The value 2.5 is a parameter for solid sphere depending on the shape of the solute. Accordingly, with increasing concentration of the solute, the solution viscosity increases without specific interactions.

At high protein concentrations, the Einstein's equation cannot describe the solution viscosity of protein due to the steric repulsive interactions \[[@r11], [@r12]\]. Thus, the solution viscosity deviates the ideal solution with increasing concentration of solutes \[[@r13]\]. Living cells usually contain \~300 mg/mL macromolecules \[[@r14]\]. Under the crowding condition, the solute results in the increase of solution viscosity by the steric repulsion between molecules \[[@r15]\]. The colligative property was reported in 1928 using an experimental approach \[[@r16]\]. In that article, Adair showed that the osmotic pressure of the solution of sheep hemoglobin increased with increasing protein concentration \[[@r17]\].

Mooney described the relationship between concentration and viscosity under the high protein concentration according to the following empirical equation \[[@r18]\]:

$$\eta = \eta_{0}\ \mathit{\exp}\left( \frac{2.5\varphi}{1 - \lambda\varphi} \right)$$

where *φ* and λ indicate the volume fraction of the protein and a constant, respectively. *η* and *η*~0~ are the viscosities of the solution and the extrapolated solution to the concentration at zero, respectively. As described in equation (3), the solution viscosity increases with increasing concentration of protein with exponential growth. This equation is an empirical derivation, which reflects the experimental protein solution under the high concentration. The following equation is a derivative of equation (3):

$$\eta = \eta_{0}\ \mathit{\exp}\left( \frac{\mathit{kC}}{1 - C/C_{\mathit{\max}}} \right)$$

where *C* is the protein concentration, and *C*~max~ is the maximum concentration of the protein in solution. Mooney's equation (4) explains hemoglobin \[[@r18], [@r19]\] and IgG \[[@r20]\] under the high concentration of proteins.

Mooney's equation (4) is a good approximation for the experimental solution viscosities of various proteins. However, some proteins with high concentration deviate from this equation. This is because high-concentration protein solutions contain some specific interactions between molecules as well as the exclusion volume effect as a neutral crowder. In 1950, Krieger and Dougherty reported the following equation that could be better fitted to the experimental raw data than Mooney's equation (4) \[[@r9]\]:

$$\eta = \eta_{0}\ \left( {1 - \frac{\phi}{\phi_{m}}} \right)^{- \lbrack n\rbrack\phi_{m}}$$

where *φ* is the volume fraction of the protein molecule, *φ*~m~ is the maximum volume fraction of the protein molecule, and \[η\] is a constant 2.5 if the protein assumes a solid sphere. The *φ*~m~ values of a monodisperse sphere and loose random packing are theoretically the values of 0.74 and 0.6, respectively \[[@r21]\].

[Fig. (**[2](#F2){ref-type="fig"}**)](#F2){ref-type="fig"} shows the practical viscosity of bovine serum albumin (BSA) as a function of protein concentration. The data were fitted with Einstein's equation (2) and Krieger--Dougherty's equation (5). As shown in the figure, the linear extrapolation of the data by equation (2) is also deviated with increasing concentration of protein. By contrast, equation (5) is in good agreement with the actual viscosity data.

Connolly described the solution viscosity of protein as the following simple equation:

$$\eta = \eta_{0}\ \mathit{\exp}\left( \mathit{kC} \right)$$

where *k* and *C* are a constant and the protein concentration, respectively \[[@r22]\]. Equation (6) is much simpler than other equations, but this can only describe high concentration of antibody solution below 300 mg/mL \[[@r23]\]. Although the various types of equations have been proposed, the important point is that all equations are exponential, rather than linear. Thus, the protein viscosity increases steeply above a threshold of the concentration.

The solid sphere model can, in part, predict the viscosity of protein solution. Schere *et al*. investigated the viscosity of two types of IgG1 monoclonal antibodies at concentrations from 0.5 mg/mL to 275 mg/mL by static light scattering \[[@r24]\]. They analyzed the data by Rayleigh scattering intensity and revealed that the solid sphere model represents the viscosity of monoclonal antibody when the solution contains high concentration of NaCl. To observe the data more clearly, the viscosity of IgG1 monoclonal antibodies results primarily from the electrostatic attractions at neutral pHs under the low ionic strength. When the high ionic strength weakens the electrostatic attractive interactions by the electrostatic shield, the solution viscosity would be increased by the predominant steric repulsion.

Here, we consider the examples of the solution viscosity in the presence of small additives. Protein solutions usually contain buffer and salt as well as protein and water molecules. The important point is that the third component causes the increase in the solution viscosity by the exclusion volume effect. Actually, sugars (typically trehalose and glucose) and polyols (typically polyethylene glycol and glycerol) increase the viscosity of protein solution, though these additives function as a protein stabilizer \[[@r25]\]. For example, it was reported that trehalose, sucrose, sorbitol, glucose, fructose, xylose, and galactose increased the viscosity of monoclonal antibody solution, which results from the exclusion volume effect \[[@r26]\]. It is interesting to note that the presence of 150 mM salt reduced the solution viscosity of antibody by half \[[@r25]\]. These data are related to two ambivalent interactions; sugars increase the probability of the interaction between molecules, followed by increase in the solution viscosity, while ions weaken the electrostatic affinity between protein molecules. Such electrostatic repulsive and attractive interactions are discussed later in Case B and Case C.

In summary, the viscosity of protein solution increases by the exclusion volume effect even in the absence of specific interactions between protein molecules. To suppress the viscosity, decreasing the solute concentration is one of the simple strategies. Sugars and polyols have been used as solution additives that can stabilize the tertiary protein structure \[[@r27]\], and hence, we need to remember that high-concentration solutes increase the solution viscosity when utilizing such protein stabilizers. If we use sugars as the protein stabilizer, decreasing the concentration of the additive is one of the good choices to control viscosity.

3. Case B: Electrostatic repulsion {#sec3}
==================================

In Case A, we described the solution viscosity without specific interactions. In Cases B, C, and D, we will describe the solution viscosity with specific interactions between protein molecules.

Electrostatic repulsion and attraction are the most dominant factors in an overall protein solution. Several articles have reported about the high concentration of an antibody solution, indicating the same conclusion that the solution viscosity of a monoclonal antibody deviates from the ideal solution under low ionic strength \[[@r24]\]. To explain the deviation from the ideal solution, the following Taylor expansion has been used:

$$\prod{= \mathit{RT}\left( {\frac{c}{M} + B_{2}c^{2} + B_{3}c^{3}...} \right)}$$

where Π is the osmotic pressure of solution, *R* is the gas constant, T is the absolute temperature, *c* is the protein concentration in mass unit, *M* is the molecular mass of protein, and *B*~2~ and *B*~3~ are the constants. Protein has a large *M* value, so that the second and third correction factors are generally not negligible in a protein solution. The factor *B*~2~ is the most important factor to understand the behavior of polymers, originally described by Zimm in 1940 by the analysis of dynamic light scattering (DLS) \[[@r28], [@r29]\]. The factor *B*~2~ is named as the osmotic second virial coefficient. When analyzed by static light scattering (SLS), the parameter is sometimes named as interaction parameter, kD \[[@r30]\].

The subscripts are generally 1 for water, 2 for protein, and 3 for additive. Thus, the second virial coefficient is often noted as *B*~22~. The positive value of *B*~22~ indicates the repulsive interaction between protein molecules, while the negative value indicates the attractive interaction. The experimental *B*~22~ of the protein solution can be determined by DLS and SLS \[[@r6], [@r24], [@r31]-[@r33]\], neutron scattering \[[@r30]\], ultracentrifugation sedimentation equilibrium \[[@r31]\], molecular dynamics simulation of potential of mean force \[[@r34]\] based on McMillan and Mayer \[[@r35]\], and simulation by Coarse -grained model \[[@r36]\].

Here, we discuss the electrostatic repulsion between protein molecules (Fig. **[1B](#F1){ref-type="fig"}**). The electrostatic interaction includes the repulsion between same electric charges and the attraction between opposite electric charges, in addition to the hydrogen bond between O and H atoms, dipole--dipole interaction, and dipole--charge interaction (Table **[1](#T1){ref-type="table"}**). The magnitudes of interaction depend on the distance. In short, the most strong interaction is electrostatics with long range proportional to *r*^-1^, followed by the hydrogen bond, which is one order of magnitude lower than the electrostatics. When one type of protein is dissolved into aqueous solution, the protein has a positive or negative net charge in the solution. For example, a protein that has an isoelectric point of pH 5 possesses a negative net charge in the solution of pH 7. As a result, there is the repulsive interaction between molecules in the solution (Fig. **[1B](#F1){ref-type="fig"}**). The electrostatic repulsion suppresses the mobility of the protein molecule, which leads to an increase in the solution viscosity. In particular, the electrostatic repulsion is generally the most dominant factor at low concentration of protein solution, because the electrostatic repulsion is the long-range interaction even in the diluted protein solution. When the protein concentration increases, the dominant factor changes from the electrostatic repulsion to the other attractive interactions classified into short range (Table **[1](#T1){ref-type="table"}**) \[[@r32]\].

We examined a simple example shown in [Fig. (**[3](#F3){ref-type="fig"}**)](#F3){ref-type="fig"}. BSA has an isoelectric point of about pH 5.1, which is a representative protein for which the viscosity increases in acidic or alkaline condition. The U-shaped viscosity as a function of pH results from the fact that the dominant factor of the solution viscosity is electrostatic repulsion. Thus, to decrease the viscosity of this type of protein solution, pH shift toward neutral pH is one of the simple strategies. When 150 mM NaCl was added into the protein solution, the viscosity curve was an apparently flat form with upper shift (Fig. **[3](#F3){ref-type="fig"}**). The change in the viscosity curve by 150 mM NaCl results from the combination of two facts as follows: (i) the addition of solute (NaCl, in this case) increases the viscosity across the whole range of pH by steric repulsion and (ii) the electrostatic shield by NaCl decreases the solution viscosity at alkaline and acidic pH, rather than at neutral pH. In other words, the difference in the viscosity curves between protein alone and protein with 150 mM NaCl represents the combination of both Case A and Case B.

Inoue *et al*. have reported the viscosity of BSA and human serum albumin (HSA) at high concentration (\~300 mg/mL) in the presence of various additives at pH 7.4 \[[@r37]\]. The addition of 200 mM NaCl and GdnHCl decreases the viscosities of BSA and HSA by two-third. The decrease in the viscosity was observed for LysHCl, ArgHCl, and NaCl, while no decrease was observed for Gly, Ala, and other non-salt amino acids. These data indicate that the viscosities of BSA and HSA result from monopole-monopole repulsive force, and hence they can be controlled by the addition of salt by the electrostatic shield.

Wang *et al*. investigated the viscosity of BSA solution at pH 6.0 that affects the amino acids and salts as additives \[[@r38]\]. The addition of 150 mM ArgHCl rather increased the viscosity of BSA (\~10%), which was apparently different from that described by Inoue \[[@r37]\]. The different behavior of the additive in BSA solution gives a consistent explanation regarding the electrostatic repulsion with solution viscosity. First, the viscosity of BSA solution in Wang's study is \~12 cP, which is 5-fold lower viscosity than the condition mentioned in Inoue's study. Under the condition, the electrostatic repulsion has a smaller influence on the solution viscosity due to the low protein concentration. In addition, the condition at pH 6.0 in Wang's study is close to the isoelectric point of BSA. As shown in (Fig. **[3](#F3){ref-type="fig"}**), the electrostatic repulsion is not a dominant factor when the solution is at neutral pH. Accordingly, the solution viscosity increased resulting from the increasing amino acid concentration. In reality, amino acids show positive values of second virial coefficient \[[@r39]\].

The protein is also not a solid sphere but an anisotropic macromolecule with a flexible structure. Therefore, it is naturally thought that the actual isoelectric point of a protein in an aqueous solution is different from the calculated isoelectric point from the primary structure of the protein. In reality, the isoelectric point of protein depends on the measuring methods. A monoclonal antibody of IgG1 has different isoelectric points at pH 7.8 by the isoelectric focusing phoresis and at pH 6.7 by the zeta potential \[[@r40]\]. Such structural complexity due to the inhomogeneity affects the solution viscosity that deviates from the simple monotonic behavior \[[@r33], [@r41]\]. For example, an antibody of IgG1 has a larger heterogeneity of the surface charge than the other, which results in the high viscosity based on the electrostatic repulsion between the protein molecules \[[@r42]\].

In summary, the viscosity of an antibody solution is too difficult to understand the theoretical approach due to the nonhomogeneous charges of the surface on the complex structure. However, the control of the solution viscosity using solution additives is comparatively easy. As discussed above, the addition of salt can weaken the electrostatic interaction between molecules, leading to decrease in the viscosity. In particular, the electrostatic shield by the ion is more effective under the pH that is different from the protein isoelectric point. Actually, the solution viscosity of BSA can be described only under the alkaline and acidic conditions \[[@r43]\]. Under the extreme pHs, the electrostatic repulsion plays a crucial role in the overall solution viscosity. By contrast, when the solution pH is close to the isoelectric point of the protein, the theoretical calculation is much more difficult due to the various types of short-range interactions as well as long-range dominant electrostatic repulsions.

4. Case C: Electrostatic attraction {#sec4}
===================================

Case A and Case B have discussed the repulsive interactions. The following cases describe the attractive interactions. The attractive interactions are also the crucial factors that determine the protein solution viscosity, because the intermolecular attraction hampers the mobility of protein molecules in the solution (Fig. **[1C](#F1){ref-type="fig"}**). The interactions concerned about dipoles are described inversely with the fourth or sixth powers of the distance between particles. The dipole--dipole and dipole-induced dipole interactions are short-range interactions, which increase the attraction with increasing protein concentration \[[@r44]\].

Immunoglobulin is classified into five classes, and the most abundant is IgG. Among the four types of IgG isotype, IgG1 is the most used monoclonal antibody in pharmaceutical drugs. IgG has a common structure with two heavy chains and two light chains crosslinked by disulfide bonds, but the solubility and stability of IgG exhibit diversity by the slight difference in the amino acid sequence \[[@r45]\]. The solution viscosity of IgG1 can be calculated when the solution pH is different from the isoelectric points \[[@r46]\]. Under the pH, the electrostatic repulsion plays a crucial role in the solution viscosity, similar to BSA as shown in Case B. However, when the solution pH is close to the isoelectric points of protein, the theoretical calculation cannot describe the experimental data. Under the low electrostatic repulsive condition, various types of attracted interactions occur between the protein molecules.

Chari *et al*. investigated the pH dependence of the viscosity of IgG2 monoclonal antibody solution \[[@r6]\]. In the presence of 0.3 M ionic strength, 20 mg/mL and 120 mg/mL antibody solutions showed a constant viscosity independence on pH. By contrast, under the low ionic strength of 4 mM, the viscosity of the antibody solution shows a bell-shaped curve at a maximum pH of 8--9, which corresponds to the isoelectric point of pH 9.0. Similarly, Binabaji *et al*. \[[@r23]\] and Saito *et al*. \[[@r31]\] have shown the bell-shaped viscosity curves as a function of pH for antibody. These data indicate that the solution viscosity of high-concentration antibody results from the short-range electrostatic and/or dipole attractions.

Accordingly, the molecular mechanism of the antibody solution at around neutral pH is complex compared to the serum albumin as follows. Yadav *et al*. investigated four types of IgG1 under the 15 mM ionic strength \[[@r47]\]. Under the condition, the electrostatic interactions are a predominant factor in the protein solution. However, the viscosity is not correlated to the positive charge of IgG1. This is because the viscosity results from not only the amount of charges but also its heterogeneity of the surface charges on the nonglobular structure. Shire *et al*. investigated the dependence of the monoclonal antibody IgG1 on the ionic strength \[[@r4]\]. Under the low ionic condition, 130 mg/mL antibody solution showed 120 cP, while the viscosity of this antibody solution decreased to 20 cP in the presence of 150 mM NaCl, implying that the extremely high viscosity results from the electrostatic multipoint attractions between molecules. Other studies have reported that the electrostatic interaction plays a crucial role in the high viscosity of antibody solution in low ionic strength conditions when the solution pH is close to the isoelectric point of protein \[[@r40], [@r48]\].

The charged location on the protein surface is not negligible for solution viscosity. Shire *et al*. prepared IgG1 mutants that exchange the charged residues and investigated the relationship between structure and function by rheometer and DLS \[[@r49]\]. The results indicated that the exposed charge groups on the Fab region play an important role in increasing the solution viscosity at neutral pH. Thus, the deletion mutant of complementarity-determining regions has low propensity to interact with each other, leading to a decrease in the viscosity even with high-concentration antibody. Indeed, it is interesting that the identical amino acid composition without slight difference in sequence changes the solution viscosity of protein.

The antibody mixture like γ-globulin shows higher viscosity at around the isoelectric point \[[@r45]\]. [Fig. (**[4](#F4){ref-type="fig"}**)](#F4){ref-type="fig"} reconfirms the viscosity of bovine γ-globulin as a function of pH. As discussed above, the maximum viscosity was observed at around pH 7, which is a similar value to the isoelectric point of γ-globulin. ArgHCl as the additive changed the viscosity curve of γ-globulin as follows: (i) the viscosity at neutral pH decreased in the presence of Arg sample because of the weakening of the electrostatic interaction such as dipole attraction and hydrophobic interaction between protein molecules by cation--π interaction \[[@r50]\] and (ii) the pH dependence diminished in the presence of Arg because Arg can bind on the aromatic surface at around neutral pH \[[@r51]\], which will be discussed in detail in Case D.

In summary, the antibody solution has a maximum viscosity at around the isoelectric point of the protein. To decrease the viscosity of this type of protein, the addition of small amount of salts, typically 50 mM ionic strength, is one of the simplest approaches. Any types of salts can act to suppress the electrostatic attraction by the electrostatic shield, including NaCl, ArgHCl, and LysHCl \[[@r38]\].

5. Case D: Hydrophobic interaction {#sec5}
==================================

Hydrophobic effect is an important phenomenon that drives the interaction between nonpolar solutes in aqueous solution \[[@r52]\]. Frank and Evans represented the behavior of nonpolar solute in aqueous solution as "the water forms frozen patches or microscopic icebergs around such solute molecules" \[[@r53]\]. This is a historical important description of nonpolar solutes in aqueous solution by an entropic point of views. In 1950, Kauzmann described the importance of the hydrophobic bond for stabilizing the native conformation of proteins \[[@r54]\]. Later, the solubility of the respective amino acid residues \[[@r55]\] and the folding theory with thermodynamics \[[@r56]\] revealed the protein folding phenomenon in aqueous solutions. Privalov is one of the most important researchers in protein folding by a calorimeter \[[@r57]\]. The thermodynamic analysis of the solute in aqueous solution evidently showed the accurate picture of the protein in solution; Chandler described as "oil and water molecules actually attract each other, but not nearly as strongly as water attracts itself" \[[@r58]\]. Thus, the protein tertiary structure shows high stability in vacuum than in water \[[@r54]\]. In other words, the protein structure is stabilized by the intramolecular interaction of protein, rather than the entropic factor with water.

Based on recent advances in ultrafast spectroscopy, we can observe the dynamic interaction between ion and water \[[@r59]\]. A classical view of the function of ion was that water affects the bulk structure, the so-called structure-making and structure-breaking context. However, today, it is believed that ion does not interact with water molecule beyond the hydration shell \[[@r60]\]. Accordingly, ion molecules interact directly with solutes and proteins \[[@r61], [@r62]\]. In other words, ions and nonpolar solutes pertain only in the local water molecule around the protein surface \[[@r63]\]. The water molecules around the hydrophobic surface do not have a static structure like iceberg but show slow orientational dynamics than the bulk-free-water molecules \[[@r64]\].

When protein concentration increases, a protein molecule interacts with another molecule, leading to an increase in the solution viscosity (Fig. **[1D](#F1){ref-type="fig"}**). This is because the intermolecular attraction slows the mobility of protein molecules. Here the hydrophobic interaction is also controlled by the addition of small molecules. The strategy is quite simple; an additive that increases the solubility of a hydrophobic solute weakens the hydrophobic interaction between protein molecules. Typically, the additives are denaturant and chaotrope, such as urea, guanidine hydrochloride, thiocyanate, and iodide, which are highly soluble themselves in water \[[@r65]\]. These denaturants lack hydration shell, as observed by neutron scattering \[[@r66]\], which is prone to bind on a protein surface and unfolds the tertiary structure of the protein. Similarly, urea binds to a protein by hydrogen bonds and unfolds the tertiary structure of the protein \[[@r67]\].

As shown in (Fig. **[1C](#F1){ref-type="fig"}**), low-concentration salts (typically 50 mM) suppress the electrostatic interaction by the electrostatic shield. Further increase in the salt concentration (500 mM, for example) causes a specific interaction between the ion and solute \[[@r68]-[@r71]\]. This salt-concentration-defending effect has been historically known as Hofmeister effect. As shown in Fig. **[5](#F5){ref-type="fig"}** of the brief summary, chaotropic ions, such as thiocyanate and iodide, bind preferentially on the protein surface \[[@r72], [@r73]\]. Such specific binding increases the solubility of a nonpolar solute and decreases the interfacial energy. The opposite side of the ions shows the reverse effects of chaotrope on the solute, the so-called kosmotrope that is named from Greek *chaos* and *kosmos* meaning disorder and order, respectively \[[@r74]\]. Recent studies on the Hofmeister effect by molecular dynamics (MD) simulation and ultrafast spectroscopy have shown that ions do not change the bulk water structure but bind specifically to the solute surface \[[@r73], [@r75]-[@r77]\].

Shire *et al*. have investigated the viscosity of solution of high-concentration monoclonal antibody in various ions \[[@r78]\]. In the absence of ions, the solution viscosity of an IgG1 antibody was 20 cP at pH 6.0 at 125 mg/mL. The solution viscosity steeply decreased with increasing concentration of the ions. The ionic strength of 0.1 M showed almost half of the viscosity compared to that in the absence of the ions. The iodide and thiocyanate ions were more effective in suppressing the solution viscosity than did sodium and chloride ions. Thus, chaotrope is more favorable for decreasing the solution viscosity of the antibody solution, resulting from the chaotrope, and is prone to bind on theprotein surface that neutralizes the surface charge. The neutralization of the surface charge, as well as the increasing solubility with chaotropic ions, weakens the protein--protein interaction.

Klibanov *et al*. have shown that hydrophobic solutes decrease the solution viscosity of BSA and γ-globulin \[[@r79]\]. The solution viscosity of serum albumin at pH 7.4 at 50 cP decreased with increasing hydrophobicity of the hydrophobic solutes. In addition, when chaotrope was selected as the counterion, the viscosity was effectively decreased. Accordingly, the hydrophobic salt decreased the hydrophobic interaction between the protein molecules. Both negatively or positively charged hydrophobic salts showed similar reduction in the viscosity of the high-concentration γ-globulin solution. The same groups have shown that hydrophobic salts successfully decreased the viscosity of humanized monoclonal antibodies \[[@r80]\]. Thus, hydrophobic salts decreased the solution viscosity of high-concentration proteins weakened by both hydrophobic and electrostatic interactions. However, hydrophobic salts are usually toxic in living cells.

Arginine (Arg) is one of the most useful additives in aqueous protein solution \[[@r81]\]. Arg prevents protein--protein interaction without unfolding, which is a favorable property for various situations \[[@r82]\]. The first report of Arg as the solution additive was in 1991 for the refolding of the antibody Fab fragment reported by Buchner and Rudolph \[[@r83]\]. Later, in 2002, it was reported that Arg prevents heat-induced aggregation of proteins \[[@r84]\]. The molecular mechanism of Arg as the solution additive is mainly caused by the cation--π interaction between the planner guanidinium group in Arg and the aromatic groups in a protein \[[@r85], [@r86]\]. A X-ray crystallographic analysis showed that three Arg molecules bind on the surface of hen egg-white lysozyme \[[@r87]\]. In addition, guanidine has a hydrophobic property as analyzed by MD simulation and neutron diffraction analysis with isotopic substitution experiment \[[@r88]\]. Accordingly, it is also thought that the hydrophobic region of Arg interacts with the hydrophobic aromatic residues \[[@r89]\].

The binding energy of Arg with an aromatic ring is weak from 0.5 to 2.0 kJ/mol estimated by a transfer free energy of the aromatic compounds from water to 1 M Arg solution \[[@r86], [@r90], [@r91]\]. Arg does not exclude on the protein surface similar to sugar and polyol but stabilizes the native-state protein \[[@r92]\]. The weak interaction of Arg with protein results in apparently controversial data. For example, preferential interaction of Arg on the protein surface depends on the concentration \[[@r93]-[@r95]\]. As another example, the binding of Arg on the protein depends on the solution pH; the solution at pH 4.5 was found with three Arg molecules on the surface of hen egg-white lysozyme \[[@r87]\], while the solution at pH 7.5 was not directly found with the Arg molecule but differed from the hydration water structure on the lysozyme surface \[[@r96]\]. This is because lysozyme is a basic protein with an isoelectric point as pH 11, so that Arg molecules may bind with the protein more strongly under the acidic condition. In addition, Arg forms a cluster by head-to-tail hydrogen bonding, which acts as an aggregation suppressor \[[@r97]\]. Although the molecular mechanism of the solution condition remains controversial due to the weakness of interaction and the so many types of interactions between Arg and protein, Arg is not harmful to the protein structure and solution state with that property.

As shown in (Fig. **[4](#F4){ref-type="fig"}**), the solution viscosity of high-concentration γ-globulin had a maximum value at around neutral pH. This is because the primary force of the viscosity is from the electrostatic attraction and/or hydrophobic attraction under the neutral pH. Inoue *et al*. have shown that the addition of 0.5 M Arg decreased the viscosity of 250 mg/mL bovine γ-globulin solution from 60 to 35 cP \[[@r98]\]. By contrast, at pH 9.4, the addition of 0.5 M Arg slightly decreased the viscosity of the same concentration of γ-globulin solution from 41 to 39 cP \[[@r98]\]. The comparison of the two results showed the following findings: (i) the pH shift apart from the isoelectric point of protein decreases the viscosity from 60 to 41 cP; (ii) Arg can decrease the viscosity of γ-globulin solution under the neutral pH that is close to the isoelectric point of protein; and (iii) Arg cannot decrease the viscosity of γ-globulin solution at alkaline pH. These facts suggest that the hydrophobic attraction plays a crucial role in the high viscosity of high-concentration γ-globulin solution. Under the conditions, Arg can weakly bind to the protein, which suppresses the protein--protein interaction \[[@r51]\], leading to a decrease in the solution viscosity compared to that with Lys, Gly, NaCl, and other additives.

Arg has been used as a hydrochloride salt, that is, ArgHCl. However, counterion plays an important role in the suppression of protein--protein interactions. In reality, it was shown that Arg-Glu and Arg-Asp mixtures give higher resistance for thermal aggregation of IgG1 monoclonal antibodies than does ArgHCl alone \[[@r99], [@r100]\]. As another example, Asp-Glu mixture decreases the solution viscosity of monoclonal antibodies of IgG1, IgG2, and IgG4 solutions \[[@r101]\]. The melting temperature of the protein is affected by the type of counterion on Arg; Arg-Glu and Arg-acetate increased the melting temperature of IgG1, while ArgHCl and Arg~2~(SO~4~) increased \[[@r102]\]. Arg-chaotrope salt is one of the good combinations to suppress the hydrophobic interaction \[[@r103]\]. The buffer itself has an effect on protein solubility and stability \[[@r104], [@r105]\].

Histidine is another amino acid for the additive that suppresses the solution viscosity of high concentration of protein \[[@r106]\]. Histidine is a well-used buffer from pH 5.5 to 6.5 in antibody solution because of its stability and nontoxicity. Histidine has a multiface, which has a cation with aromatic property as well as connects with protein by hydrogen bonds \[[@r107]\]. Actually, 40 mM histidine decreased the viscosity by one-half of 150 mg/mL human interleukin 8 \[[@r106]\]. Accordingly, histine buffer is a good selection for decreasing the solution viscosity of high-concentration protein at weakly acidic condition.

6. Cluster and aggregates {#sec6}
=========================

We discussed in Case A to Case D about monodispersed molecules in solution. Finally, we will describe reversible aggregation with the solution viscosity.

Protein is generally an aggregated-prone molecule in aqueous solution that also hampers the application of protein from industries to academics. For example, the viscosity of IgG1 monoclonal antibody steeply increased during heat treatment at 70°C for 20 min for 60 mg/mL protein, due to the aggregate formation \[[@r108]\]. The increase in viscosity depended on the protein concentration. If protein molecule forms association transiently, the solution viscosity is also increase, as shown in equation (2). Recent studies have revealed this mechanism \[[@r46], [@r108], [@r109]\].

The association and growth processes of protein aggregation are too complex to describe by the classical DLVO theory. The practical models to describe protein aggregation have been proposed in various manners, though the empirical models were classified into 19 types in a review reported in 2009 \[[@r110]\]. The complexity of the protein aggregation results from the various possible tertiary structures in solution as well as the complex composition of the primary sequence. In addition, the term "protein aggregation" is not in agreement with a general consensus by scientists and researchers due to the various fields of the protein solution problem, as pointed out by Murphy and Roberts in 2013 \[[@r111]\].

The report about dynamic cluster in protein solution was first reported in 2004 \[[@r112], [@r113]\]. After the high impact articles, the dynamic and transient protein clusters became a subject of interest in pharmaceutical applications. The molecular mechanism of the formation of the cluster results from a short-ranged attraction and a long-ranged repulsion, which are the same as the principle of the solution viscosity of protein \[[@r114], [@r115]\]. That is, the particle size is determined by the balance between growth of short-range attraction and dispersion of long-range repulsion.

Equilibrium cluster formation of hen egg-white lysozyme was first described by small-angle scattering and confocal microscopy \[[@r112]\]. The equilibrium dimer formation was observed under the low protein concentration \[[@r116]\]. In particular, the cluster was grown under the high protein concentration of 17.5%--22.5% \[[@r117]\]. Such dynamic cluster formation also changes the solution viscosity \[[@r118]\]. The cluster is stabilized by the balance between short-range attraction and long-range repulsion; small-angle neutron scattering (SANS) and small-angle X-ray scattering (SAXS) analyses showed that the intermediate-range order plays a crucial role in the stabilization \[[@r119], [@r120]\]. Thus, the molecular mechanism of the formation of dynamic equilibrium cluster is still controversial.

Lilyestrom *et al*. investigated the viscosity of IgG1 antibody solution in the presence of sodium sulfate as a function of protein and additive concentrations by DLS and SAXS \[[@r121]\]. The data indicated that the dynamic clusters are formed with increasing concentration of protein. The authors concluded that transient and equilibrium clusters from two to nine are formed dynamically at a high protein concentration above 100 mg/mL, rather than solid sphere dispersed in solution. Godfrin *et al*. also reported the cluster formation of IgG1 in the presence of 50 mM sodium sulfate \[[@r122]\]. Sodium sulfate is also a type of kosmotrope, which may lead to cluster formation by the excluded effect. Taken together, it is plausible that the cluster is formed in high protein concentration solution; further addition of neutral crowder also accelerates the cluster formation.

Schere investigated the cluster formation of 275 mg/mL IgG1 monoclonal antibody and found that the formed cluster was dissolved by salts and ArgHCl \[[@r95]\]. The addition of NaSCN and ArgHCl dissolved more effectively than NaCl, indicating that chaotrope is favorable for the cluster dissolution. On the contrary, Borwankar *et al*. showed that a disaccharide of trehalose is an inert crowder that stabilizes the clustered-state protein \[[@r123]\]. Similar experiments were reported under the extreme high concentration of protein by Johnston *et al*. showing that trehalose stabilizes the cluster state at 700 mg/mL monoclonal antibodies \[[@r124]\]. The nanoclusters have diameters of 50--300 nm, which are dispersed by the colloidal balance between electrostatic repulsion and short-range attractions. Such a stabilized clustered state may be used for a new type formulation of high-concentration protein, if the cluster is fully reversible without irreversible aggregate formation.

Similarly, an emulsion state of protein--polyelectrolyte complex (PPC) has been developed for the formulation of high-concentration protein drugs \[[@r125]\]. The molecular mechanism of PPC formation is only from electrostatic interaction. Briefly, if only one type of protein disperses into a solution, protein molecules disperse by the electrostatic repulsion between molecules. Under the condition, when the oppositely charged polyelectrolyte is added into the protein solution, the polyelectrolyte neutralizes the protein charge by the complex formation. The formed PPC is also a neutral net charge that diminishes the electrostatic repulsion between protein molecules, leading to form large and soft emulsions \[[@r126]\]. That study showed that the PPC formation is used for 10 types of antibodies, hormones, and pharmaceutical enzymes. The important point is that the PPC is highly reversible when 150 mM or more salts redissolve the protein into solution without protein denaturation \[[@r127]\]. The precipitated-state PPC is stable for heat, oxidation, and agitation \[[@r128]\] and is nontoxic \[[@r129]\]. Thus, the emulsion-state PPC will be a new candidate for the formulation of high-concentration protein to suppress the viscosity of the solution \[[@r130]\].

In this review, the viscosity caused by the interaction between solute molecules has been described only regarding to a folded state of globular proteins, without consideration of protein unfolding or intrinsically disordered proteins. The actual globular proteins might change their structures depending on the conditions of the solution, such as the presence of co-solvent and the concentration of protein. However, the globular proteins, structures of which are (partially) unfolded in aqueous media, are usually lost due to their irreversible aggregation (which might cause significant increase in solution viscosity). Accordingly, it is noted that the control of aggregation is more effective than the control of the protein structure for lowering the viscosity of the solution.

Conclusion
==========

Solution viscosity increases by the attraction and repulsion between the protein molecules, as shown in the above discussion. Therefore, the protein structure plays an important role for the solution viscosity. However, the protein structure is too complex to be understood in details. Accordingly, the proposes of this review was to describe the use of small additives to decrease the viscosity of protein solutions by hampering these interactions between protein molecules. Figure **6** summarizes a simple scheme of the origin of viscosity. The viscosity of solution is typically measured by how easily a particle moves from position A to B (Fig. **[6A](#F6){ref-type="fig"}**), which can be detected by a conventional viscometer. When the particle moves from position X to Y, it requires movement of the solute α from position Z to position V. However, it becomes difficult for solute α to move from position Z to position V due to the presence of the repulsive force originating from particles β and γ (Fig. **[6B](#F6){ref-type="fig"}**) or the attractive force from particles β, γ, and δ (Fig. **[6C](#F6){ref-type="fig"}**). Therefore, viscosity of solution increases by both attraction and repulsion between protein molecules (Fig. **[6D](#F6){ref-type="fig"}**).

In this review, we described the small molecules that control the viscosity of protein solution. This approach provides a view to consider the solution viscosity using solution additives. For example, if the addition of 50 mM NaCl decreases the solution viscosity of a protein, the cause of the viscosity is determined as the electrostatic attraction or electrostatic repulsion. If the addition of 50 mM NaSCN or NaCl does not affect the solution viscosity of a protein, but if the addition of 500 mM NaSCN decreases the viscosity, then the primary cause of the solution viscosity is the hydrophobic attraction between protein molecules, rather than the electrostatic interactions.

The solution viscosity of the high-concentration protein results in various types of interactions (Table **[1](#T1){ref-type="table"}**), as well as the structural change and transient cluster formation. Owing to this, the protein solution is quite complex to understand even today. By contrast, the application possibility described in this review provides practical problem solution that controls the experimental behavior of protein solution viscosity (Table **[2](#T2){ref-type="table"}**). Finally, we conclude that ArgHCl has the best additives for both (i) the electrostatic shield under the acidic or alkaline conditions for albumin-type protein \[[@r98]\] and (ii) the weakening of the hydrophobic interaction at neutral pH like antibodies \[[@r37]\]. In addition, Arg is a naturally occurring amino acid with safety and stability and being inexpensive.
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![Summary of the strategy to decrease the viscosity of protein solution using small molecular additives. (**A**) The case of exclusion volume effect by steric repulsion. Small solutes (sugar molecules) hamper the mobility of proteins. Thus, the removal of the solutes can decrease the solution viscosity. (**B**) The case of electrostatic repulsion between proteins. Bold arrows show higher repulsive force between proteins. In the high ionic concentration, the repulsive force decreases, leading to a decrease in the viscosity. (**C**) The case of electrostatic attraction by charge--charge and charge--dipole interactions. Ions can decrease the viscosity by electrostatic shield by the prevention of the local interactions. (**D**) The case of hydrophobic interaction between nonpolar and aromatic surfaces of proteins. Arginine molecules weaken the hydrophobic interaction.](CPPS-19-746_F1){#F1}

![Solution viscosity as a function of protein concentration. The data were obtained by bovine serum albumin in 50 mM Na phosphate (pH 7.4) at 25°C. The dotted line and solid curve represent Einstein's equation (2) and Krieger--Dougherty's equation (5), respectively. The dotted line was fitted to the data below 180 mg/mL.](CPPS-19-746_F2){#F2}

![Viscosity of bovine serum albumin (BSA) in the presence or absence of NaCl. The viscosities of 180 mg/mL BSA alone (open circles) and 180 mg/mL albumin with 150 mM NaCl (closed circles) were measured at 25°C using an oscillation viscometer VM-10A-L (CBC Materials Co. Ltd., Japan).](CPPS-19-746_F3){#F3}

![Viscosity of bovine γ-globulin (BgG). The protein solution of 180 mg/mL was prepared at the respective pH in the presence (closed circles) or absence (open circles) of 250 mM ArgHCl. At pH above 9.0, the protein solution with ArgHCl cannot be prepared because of the decreasing pH by ArgHCl.](CPPS-19-746_F4){#F4}

![Hofmeister series and effects. Right side is chaotrope that decreases the interfacial energy between solutes, so that the chaotrope increases the solubility of the solute by the salting-in effect. Left side is kosmotrope, which has the opposite effects on the chaotrope.](CPPS-19-746_F5){#F5}

![Origin of viscosity. (**A**) Typical viscometer and the mechanism of viscosity. (**B**) A case of the repulsive force between α, β, and γ. (**C**) A case of the attractive force between α, β, γ, and δ. (**D**) The relationship between molecular interaction and solution viscosity.](CPPS-19-746_F6){#F6}

###### 

Major interaction depended on the distance.

  **Interaction**          **Distance**   **Interaction Type**
  ------------------------ -------------- ----------------------
  Charge--dipole           *Long*         Attraction
  Charge--charge           *Medium*       Repulsion
  Charge--charge           *Medium*       Attraction
  van der Waals            *Short*        Attraction
  Exclude volume effect    *Short*        Repulsion
  Hydrophobic (in water)   *Short*        Attraction

###### 

Practical solution for lowering viscosity of protein solution.

  **Primary cause of viscosity**   **Primary approach**
  -------------------------------- -------------------------------------------
  Steric repulsion                 Decrease the concentration of additive
  Electrostatic repulsion          Add 50 mM salts and/or approximate p*I*
  Electrostatic attraction         Add 50 mM salts and/or separate from p*I*
  Hydrophobic attraction           Add 500 mM chaotrope and/or 500 mM Arg
